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--ABSTRACT-.. - - : : .
" An inStrument, alled the TMB Elastic-Tube Pressure Gage, which con-
‘sists primarjly of an elastic tube and strain-sensitive electrical wire, was
developed at the David Taylor Model Basin for 1easuring a wide range of static
and dynamic fluid pressures. associated with various types of haval equipment
The design specifications for the gage, novel Teatiures of constbuctist of the.
. mechanical and electrical components, and operating characteristics, such'as
sensitivity, accuracy, and response to rapidly applied pressures, are described.
Al8o discussed are gage-calibration techniques, the use of auxiliary electrical
snd recordinx equipment, and operat on of the pressure gages in the field under

adverse sérvice conditions

INTRODUCTION
During World War II, the Navy Department expanded and Lnuensified

its program of scientific investigations of tne operating c¢haracteristics of
‘a1l types -of .structural assemblies and mechanical devicés which comprise 8
fighting ship. Whenever time permitted, tésts were conducted under controiied
~service or laborabtory cenditions so detertiine the performance of items of mate-
rial and toistudy the valldity of existing design criteria. Frequently it was
'necessary to determine the magnitude and variation of préssurés in fluid media
asseciated with the: physical systems under investigation, as, for example, with

1y generated pressures- in the .gun barrels and in the recoil and counter-recoil
systems of the guns, the flactuating pressures in hvdraulic punping and: varla-
ble-~ speed transmission sysuems, and the static pressares in ai? and 1iquid
:reservoirs '

_ With the extreme ranges encountered in such applieations, both of
the magnitude of pressure and of 1its rate of variation, it was believeo that
n¢ uniqie combination 6f" pressure gage and auxiliary equipment could.suffice
for all measurements. Nevertheless, it was considered deslrable that one'type
of pressure ~gensltive device be suitable under all anticipated test gonditions.
In 1945 when the need fof these instruments arose, no commercial product whichi
would. fulfill design specifications was avallable, Therefore, deveiopment of

- An instrument, known as the TMB Elastic-Tube Pressure Gage, that com-
bined an elastic tube and strain-sensitive electric wire was found from exhaus=-
tive tests to measure pressures accurately under various service conditions,

”

gun turrets. In the study oi gun turrets it was necéssary to measure the rapid-- '

a new device to measure pressure'waslundertaken by the David Tayior-Model Basin.
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OWn. Design factors ‘which influence instrument characteristics e{disea;

‘ kﬁown‘conditibns of teSting

Af it incorporated electrical compunents.

ahd & number of these instruments were put in operation in July 1945.% These

_gages wepré first described briefly in & memorandun {1j#* issued for use by

employees of the Taylor Model Basi", the instrument wag later described in a
technical.paper (2) for,general.use. Mincr:changes have subséquently been
introduced to ensuré satisfactory operation dnder the most severé service ‘con-
ditions, end5bétn-t%e'original and modified Vérsions of these instruments,

- vwhieh arée now in widespread use by varisus navel reseapch establishments; are’

described in this report. .Sufficient details of construction, caIiBration,
and opérating procedures are given so that this report may be'used -as a gepr-
vice manual for thosé who are operating instruments manufactured by the Taylor
~Mode1 ‘Basin as well as a guide for those pep Bons who wish to manufacture tneir

-

in Appendix 1 of this réport.

DESIGN AND CONSTRUCTION OF THE PRESSURE GAGE _

The design of any pressure;gagewshouldwnecessarily embody all the
charactéristics required of a precision measuring,instrument, for use under
The explicit design requirementS'for this par-

- ——— T N Y

in this section of the report

DESIGN‘SPECIFICATIONS
Design requirements for this pressure gage were formulated.from
knowledge of (a) the rdnges of preéesdsure and rates of pressure variation to

. be medsured, (b) the agtual operating conditions in. thé field, (c) the char-

acteristics considered necessary in a. precision inst"ument and (d) ‘the auxil-'
iary empiifying and recording equipment which would ‘be used with the instrument
These requirements are embodiod in

a list of requisites which may be considered ‘as specifications*

N

~¥. The instrument should emit a Iinear and undistorted response to -
static préessures .and to cyclic variations as great as ?000 cycles per second
:or transiente vhich-rise in 1/2 millisecond. This requirement implies the need
for high natural frequency to -engure. fidellty of Pesponse to transients.

2 \Sensitivity should be sufficient to permit measurement of a wide
range”of_pressures with a singlé instrument, as for example, 200 to 5000 pounds
per square inch; the least count or_discrimination-should be as low as 17@ per

¥* Patent applications have been made for the novel feadtures of this gage that were developed by Lt. R S
Thetcher, USNR, and Mr. E. Wenk, Jr.; of the Taylor Model ‘Basin ste.ff

e Numbers in parentheses indicaté reférences on pags 36.
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M § - ~cent of the maximum value. Pedk pressures as low as 50 and as nigh as 50,000 ' i,
H j ¥ pounds per square inch should be measurable with this same precision with addi~ ?’ ¥
'T““";“;“*"*’”—”‘ __-tional 1nstruments _that are based on the same principle. ! §§
i B o 0y - . TULTTTD ot o T . TE
|I SIS % ( ) o 3 Calihration the device should be easy and should‘not require . .
ifr{/' S borate‘equip.menta o . o : - > : S
yg i - | . ) - . ) w' . R . 5 e
" : g ., Once determineu,-the ins trument calibration should remain Independent !
i B o< - - of "gé~“.d sxtremes of .eteo ologieal eonditions., and should not be disrupted : i
{4 . i by roug handling. , S c /]
N T . . o . . NG . ¥
[i‘z QEE' 5.. The response -of the device should be free of spurious indications 0
{ : %% of pressure when the gage is exposed to. shock and vibrations of moderate in- Fl
Fa _;gw_;" __tensity, to normal variations of temperature of the ambient atmosphere, and to lf
{v "Iﬂ; temperatures of the pressure-transmitting medium as'high as 300 degrees fahpen- ifT
{ 7 i:} heit. . ; : : - : ’ . fl E
VR - - ' - ' . ‘ T ' I
| LAt 6. Superposed instrument errors should be less than 2 per cent of the Y
{ﬁ I',}§J peak pressure being measured. ' ) ' !
0 g R4
{j”‘ ,% z. It should be possible to record pressure at stations remote from the I
{ 1 144 point of instrument installation. Inasmuch &s 'such a device would probably :
— ~5¥L e incorporate some’ electromechanical components, the electrical output should ‘be #{
fkf -~%ﬂ adaptable for use With éxisting electronic amplifiers and other equipment which I

‘has: proved suitable for measuring highnspeed phenomena.

p
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8. . ‘The. device should; be: relatively simple to manufacture, assemble in=-
stall and operate, it should be compact and durable and have theé finished ap-
pearance of a commercia1 product : :
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It should be noted that. these specifications were formulated for use ‘ i
of the device as a measuring instrument but all the 1isted characteristics Lo
would coincidentally rénder It useful as a coﬁtvol ingtrument .

CENERAL PRINCIPLES OF OPERATION -,

Studies conducted as the first Pphdse of instrument development indi-
cated .that: a\pureiy mechanical device could not include all the essential pre-
requisites for satisfactory operation, particularly the requirements of insen- wot
sitivity to shock; of remote recording, and of accurate response to. rapid ‘
~ Variations ‘in pressure. The design thus appeared to require a combination of
. appropriace electrical and mechanical components. Instruments- where similar i
applications of electrical motivation have been used depend on variations in
electrical resistarnce, capacitance, or inductance which are proportional to
the physical quantity being studied. . Measurement of the electrical output has

.
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then been accomplished with standard indicating or récording equipment. Inas-
much &s there had already been developed at the Taylor Model Basin various
types of auxiliary equipment 1or ugé with strain gages Whose electrical resist-
ance varles with mechanlcal strain, an efrort wWas made to utllize this princil-
plé¢ in instruments which weré being developed to méasure various quantities
such. as forces, torques, pressures, dispiacements and acceleratlons. By this
prccedu;;e the required auxiliary equipment: could be standardized so as to saVe
development time and resources and to permit a greater flexibility in use where
measuréments are required of a large number or varlety of dquantities. Since_f
the resistance-type electrical strain gage, When properly used, posSesses,all
the characteristics required of the électrical pickup of tris pressure-measur-

T ing” 1nstrument, it was adopied as one portion o tite uevuce. T T T

The operation of this electrical component is based ‘on the electrical
properties of a metalllic wire by Wwhich. proportional chaniges in resistance are’
. produced by changes in lengtn of the wire (and_accompanyingrchanges‘in €ross-
.sectional area). When such a wire is cémented to an elastic material, it
‘serves as .a_gage of mechanical strain, since within certain 1limits of tempera—
ture and strain, its resistance changes by an amount that is direetly propor-
tional to the change in length of the material on yhich it 1s cenented . ‘ Thus

= ——— B L

the wire may be. employed in a pressure—measuring device if it is ‘mounted on a

mechanical element that 1s elastically deformed by the application of pressure. N

JInfortunately, the resistance of the strain wire also .changes with variations
Ir temperature and with temperature-induced faechanical strains, which property

mey produce gross errors in measuremént. Thése extraneous temperature effects ]
. nay be canceled, howevéer, by the use of properly located tandem<strain-elements

. which are. comnected into an electrical bridge circuit 'Provisionszior this
feature‘will be discussed later. ) : B
. For thé mechanical component of this pressure-measuring device, two
‘basic structural shapes,were investigated - a diaphragm and a tube subjected
.to.internal”pressure, In both shapes, fiuid,pressures produce .elastic and thus
propontibnalﬁstrainsh.but;With the diaphragm this action occurs only if the |
centeerGfleQPLOn-is,limitéd'tc,approximately-Oneethird the thickness. This
restriction :also places a virtual limit on the maximun'strain that can be
-developed in the diaphragm and thus on the maximum electrical . output and sensi-
tlvity, Ordinarily this limitation on sensitivity would not be obJectionable,
buﬁ,since the design requirements call‘for the use of but one instrument for
measuring a wide range of pressures, a high maximum electrical output and sen-
‘sitivity-were-desired. '
The tubular shape involved no limi¥ation .on strain obther than that
of the proportional 1limit of the material which comprises the tube; and since
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,‘between the requirements for (a) a short length and small didmeter for com-

f‘auxiliary equipment 80 that the instruments may be rapidly installed by uriskille

_pieces which«canlbegmanuﬁactured easily.

In principie then, the pressure-measuring instrun@nu, OF ‘transducer,
was developed as an elastic tube around which 1s cemented strain-sensitive
electric wire. Frossuré applied to.the inside of the tube produces circumfer-
eﬂtial,strains in thé tibe, and‘thus changes in: the electrical resistance of
the wire. When the strain wires are connectéd to theé auxiliary equipment
electrical signals resulting from the pressure-produced strains are measured
or recorded and are convertible to pressure units with an experimentally Ge-
termined calibration faétor. :

With the adoption of this basic principie of peration,'the desigh
next fé@g&;gu«yne solution of Ché many elec*"nmv haniea1 detailld that would

rendér thé transducer a sultable test instrument. - s '

MECHANICAL DESIGN
~ 'The désign requirements foir the mechanica] portion of the. pressure
ingtrument,; based on. tThe specifications and the selected principle of operas

"7"tion, can be detailed as. follows:

1. The dimensions of _the pressure-active tube: sqould be a compromise

pactress and high natural Prequency; (b) a wdll thickness sufficient to simpli-
fy hanufacture, and_(c).a combination of geometry and materials of construétion
such that circumferential strain of appréximately 2200 microinChes;per inch

" ¢ould be developed safely at aximum design pressure.

‘2. 'Accommodations must be made for a temperature-compensating straifi
gage which would be subJected to the same temperature changes and temperature-

~induced dimensionai chariges 88 the gage on the pressure-active tube.

:ij. ~Mechanical.protection must. be assured for the strain gages.

] -4, K system for venting gases. from the tube must be provided, 1nasmuch
asg trapped bubbles might distort the response of the 1nstrument to high-fre-
:quency transients°

D Provision must be made. for & simple and pressure-tight connection
to the pressure: source and for simple, effective electrical conreétions to the

ed personnel.

6. The 'mechanical design must involve a minimum number of separate
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Figure 1 = ‘Schematic Diagram of TMB Elastic-Tube Pressure Gage
i SE ' This diegram showa. deéteils of construction of the original design for )
’ instiument types- D, E, F, -and-G. <Dimehsions of the. tube for . oot

‘different pressure ranges are ‘given in Table 1. - - . : i
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7. [The form of the gage should deperd on the function and should be as
attractive as possible without sacérifice of utility.

- After these pequireménts were xormuiuted, it was alsc.netermined. : =
fhat the strain~sensitive wires, though waterproofed, 'should be still further e
protected against moisture or oil by a mechanical shield This lattér eon- ° ° £
-sideration required modifications to the original mechanical arrangements of
the 1nstruments as will be discussed latér. : S

‘The méchanical design of the transducer which evolved from the ma jor
considerations Just 1listéd is shown in Figures 1 and 2, The primary component
is a gmall tube that is separated into two chambers by an integrally formeéd
c¢zlusion. One’ chamber is attached to the pressure source, while the otier is
exposed To the atmospiere: on which bldcks. the. .end of the pressure -
chamber 18 drilled and: tapped for arsmall sérew that can be removed when de=
sired to bleed the aﬂtive,tube. S

The: tube: is -2180, integrally provided with a hexagonal ‘base and thread-
ed shank for attachment to & tapped opening at the pressure source. The hexag-

The-~ccel ‘u....-

- onal base 1s grooved: on the 8hank side to receive an annular copper gasket
" vhich serves as a pressure seal

This tubular element is machinéd of a hign-

7: which: surrounds. the tube for protection of the strain elements.

_ Stréngth alloy BuGél Navy specification 4982i Alloy 2, which has a yield
strength of :

:05 OOO poands per square s fneh % S .
A wall thickness of 0,014 inch was arbitrarily established as. the

miniium that could beuemployed in the tubé for ease in manufacture, for stiff-
neds, arid for insensibility to corrosion effects; the didmetér of the tube* was

-then - computed from conventional theoriés of elasticity to produce the desired

circumferential strains at the maximum applied pressure.
were also. computed ag a-check on the safety of the design.

Principal stresses.
The ‘dimenstons. of

_ the tube for various. pressure ranges are given in Table 1

is prov*ded with 'a brass shieéld
Attached to
this shield is an Amphenol type- electric plug wired to the strain gages to
permit making rapid electrical connections to the external.amplifying and re-
cording circuits. An alumihum cap which seals the upper end of the Shield com-
pletes the gage aSSembly Clearance is provided between the cap and the .shield
80 that the préssure-active tube when loaded is not restrained from longitudinel
elongation, 88 this restralnt could interfere with linear and consistent in= jgg
strument résponse. ‘ ) :

A ldrge number of transducers ‘which make use of this~design'have

As showhi in Figure 1, the tr nsducer

- been put into service since since December 1945, and some have been contin-

* Honel or eorrosién—resismt steel co'uld- be used where corrosive fluids are involved,

-
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TABLE’T

Dimensicns and Designations of Elastic<Tube Préssure Gages

Test -

Type | Pressure | Mcggggégal : | Dimensions;of'Tube, inches |
o4 opst . Outsidehgiameter -Inside Diameter |
"D | B0 | ortgmer | o8 | 0438
E | 5000 | original | 0466 | - 0.k38
CF . {20,000 1 original | o.u66 | 0.345
G 7. 1000 | original | o747 1 0.8
B f 25,000 | Revised . | oM66  cf o 0u3M5
3 5000 Revised. . I .. $95§§§~.~‘i-j;:~f1~.93y§8:. _ ;ﬁ'

s

uously—exposedgtogmoisture,and-oil for periods éxéeeding one yedr. Examina-
tion and'recéiibration:of these instruments revealed only trivial changes in
sensitivity, except where'eumarked-drop,was discovered in eiectrical'resista
ande between thé strain gages and the metal tube on Whizh they are mounted.
This~conditionwwas attribhited te leakage of moisture,over.an eztended,period
Iito the instrumént thr"ug“ -minute spaces betwéen the eledtf'ical plug and it‘é
housing and through the crevice between the aluminum, cap and. the brass shield.
Hydraulic fluid in equipment being tested had also entered the shield 4nd had
softened the waterproofing compound:. wuioh prictects the s»xain gages¢

* Two other minor cefects in the mechanical design were. also indicated
First, the electrical connection which consists of a modified,Ampherol plug
had béen eagily bent when the instruments wépe 1nstalled because .of meéchanical

'weakness .of the piug housing. Second, maintaining the: tole"ance of the groove

in the hexagonal base for -sedting thé ring-shaped copper gasket was found to.
be ¢ifficult, -and this type of seal was found to be *neffective at pressures
above 20, 0060 pounds pér square inch, -~ - . - .

A1l these unsatisfactory conditions were corrected by Siight modifi-
cation of design. For pressures under 20,000 pounds per 8square inch, the orig-

inal méchanical components of the trarsducér were revised to. those arrangements

shown in Figures .3 and U4; wand for higher pressures, to those shown inh Figures

5 and.. 6.. The tubular element for the new low=range transducer differs from. the
original element medndy in :the prowvision of integrally machined ridges at the
top of the tube to hold a neoprene "O"-ring which seals the gap betwean ‘the
fube and shield. Further, the shield itself is attached to the base of the
tubular element with.a clamping nut. which permits attachment of the shield
without the rotation which was necessary to engage threads provided in the
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These instruments. ars .similar to the modified desigm, Type J, except for a presgure
seal theb is useful in the range of 10,000 to 50,000 pounds per squers inch.
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original tubular element.
nection of the electrieal

The eliaination of this rotation facilitates cori-
léads from the strain gages to the plug. Also, in
%6 new instrument a £iat. annular gasket is provided as the pressure seal thus
eliminating the groove. in the hexagonal base. The eonneetion formed by this
method has. proved. to be tight for pressures up to 10, 000 pounds per square inch.
t.should also be noted that the aluminum cap on the new transducer has no open-
ing at its center as did the: earlier ong, SO that. the new cap flugt be removed
| o with the bleed sScrew when exhausting the instrument of" €rapped gases,
-} g . - One £urther modification is the use of a,Cannon ‘bype of -eléctrieal
]

. plug instead of the Amphenol type.
proof dust cap. when not in use or with a waterproofed matching plug when making
electricai eonnections. o , . .

The. design of the'transdueer for use~with pressures irom 10 OOO to
50 000. pounds per 'square inch is similar to that for lower pressures except
for the means of agtaching the ‘instruméent to the,pressure source, Here the
N ‘tubular element .1is provided;yith,a shanl on which is loosely fitted a mounting
" - nut; a'brass-waﬁhéru=nedpreheupackingg and 2 smaller assembiygnut. The fitting
is designed to match an opening at the pressuré source whlch is reamed to a

This new plug Can:Ee _eduipped with a waters '

j diameter that exactly matches that of the washer,

_top: to, math thig. mouuelug nub of the

-I v\o"vu\mgun"

Vllv ERv{~] \.u.uvaav Ly

L should be fiat o receive the instrument., and the

and which is. tapped at its

Mha 'hf\("("nm nf‘ Hn'!n nnnn‘lnb‘

AW,

depth must be such that the

ggsembled transducer bottoms when, the mounting nut is tightened

'Sealirg action

I o oceurs by expansion of the neoprene packing between the shank of the tubular

. EE 3 element~and the wall of the machined opening at the pressure souree.'
satisfactorily in service, their use, under limited eonditions has been con-

O f -tinued. Where service eonditions are severe, however, ‘theéir shields ‘have been’

ﬁ." . : .- modified to incorporate the Cannon type of‘electrieal plug rather ‘thin the

f ' :Amphenol type. , S

All gages are designated by 8 serial number which indicates the type

of transdueers and the pesl- pressure, for which the instrument was designed.

: :ihis ‘system oflidentificatlon‘is explained in Appendiz 2. ‘ :

t o f . STRAIN-GAGE RLEMENTS 4 .
| As: previously described, strain-sensitive electric wire was mounted
on the outside surface of the pressure-active tube to convert mechénical strains
~to changes in electrical resistance. A variety of hand-wound and commerc¢ial
gages with different initial resistanees have been used; the characteristics

of" these gages: and their operation are disoussed in the following.
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The basic principle of operation of the strain wire is expressed by
the reiationship -

AR =KR.e +-”11_

whers B is the initial resistance of the ‘wire in ohms,
e 1s the mechanical strain of the matérial to which the wire is esihented;
'and'in this gage is. a direct function of the -applied pressure ahd of

~ebangn mpe ative,
Kand p are constants that. depend on the characteristics of the strain wire,
' T is the temperature, and ‘
AR is the change in resistaiice of: the ‘wire in ohms. _
o For various _reagons that will be explained in the later discussions,
the tiR of -8 gage is often expressed in strain units of microinches per inch '

. From this expression, it can-be seen thit a, change in resistance of

-a_single strain gage 1is produced by changes in temperature as Well as by mechan-

. in fluid .or ambienu temperature.

lcal strain,- so that gross errors in strain measurement may accompany variations
Yith the pressure transducer, strain gages &TE
installed in pairs, one mounted on the active segment of the tube and the other
on the segment exposed to the atmosphere These two gages are sufficiently
~clcu e-%¢ getner.fhaf the. -chahges. in fneir resistances nroduced by temnerature
¢hanges and by temperature-induced dimensional changes are approximately the _
.Same. It these gages are gonnected into adjacent arms of a suitable Wheatstone
‘bridge circuit the equal changes of resistance do not unbalance the bridge,
and no sparious electrical signals will be emitted from the pressure-measuring
system 8s. a result of temperature changes. Pressurewproduced ¢hange in resist-
ance. of the strain wire mounted coh the active segment will unbalance thé bridge
-and in a properly designed circuit an eléctrical output will be produced that

is almost . exactly a linear function of fthe applied préssure...

Cemmercial metalectric strain gages were used with the transducers
that were first manufactured Type A= 14 gages were used where ) gage resist-

~ance. of 500 ohms was required -and, Type AT where a resistance of 120 ohms was
ferequired

‘Generally, the instruments with A~ 14 gages were ‘moye stable and ac-
curate than those with A<T gages. However both types of commercial gages have
8lnhce been superseded by strain-sensitive wire that is hend-wound on the tube
%o the. desired resistance.
manufagéture but. are more reliable . . - .
, The strain elements are mounted as follows- chmerciaI;typeistraIn
geges are first pre-curved o fit the tube and then cemented with.Duco. After

,,,,,

fahrenheit for 8 hours vand.are,then waterproofed with a bitumastic compound
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neTer, Is used when: the gages. are: Wound. on the tube

16

A

The process of applying nedprene 18 ex-
Standard procedures are used in preparing

such as Ozite B, or with neoprene.
plained in detail in Appendix 3.

- ‘the surface of the tiibé and "in carrying cuv ovher dstaills of eppliecation.

Single~strand silk-éovered enameled Advance wire, 1.5 mil in dia-

- by ‘hend., A1l wires are
pre=cut. to the length required to produce the desired strain-gage resistance
-after assembly.* The wire 18 then. -doubled and the ena of ‘the: 1oop- thus formed
is «cemented to the tube with a drop of prepared cement ** The tube is then
put. in the chuck of a hand drill which is held in a vise, and fhe'wire is
wound directly on the tube with the axis of the drill inclined Juet ‘énough

to cause édch turn of the strain wire to fall next to the preceding turn. To

) ?ensure consvant tensicn ih the wire,; a 2-0unge.. weizht s hung from the freé

erds by means of a spring-elip with rubber-padded Jaws. ‘Beforé- the wire is.
wWound, thé tube iIs coated with cement after the winding is completed the

entire surface ‘is saturated with thinned cement.
wire are tinned and soldered to flexible ledds, and thé Joint thus formed 1s

insulated from the tube by a thin sheét of nylon or- Saran £1m, 'The flexible
leads .are later connected t¢ the output plug The waterproofing process is
identical to ‘that employed with commercial gages, and the compound is applied

to keep these electrical leads as rigid ag possibie

e

..he“retu.auaubr;o uf thv

+ O 5 ohm, Wnen tne initlal resiste wce of the gages is 120 ohms, the trans-
ducer is immediately adaptable with auxiliary equipment which is designed for-
use with metalectric gages for the direét neasurement. of strain, Such as the
Baldwin Southwark SR-4 Static Strain Indicator and equipment simildr to the
TMB Type 1A ‘Strain Indicator (3Y. For some measurements, however;, ‘it is riec-
essary fo use a conventional d=¢ Wheatstone bridge feeding eitﬂer a direct~
coupled amplifier or & recorder, and in thése cases it 1s desired to forcee the
electrical output of the transducer gystem to a maximun. ”his may ‘be accom-
plished by using a higher battery voltage for- the bridge power supply; but to
maintain bridge current as low as possible,.r it 18 necessary to employ strain
gages whose resistarce 18 as great as 500 or 1000 ohms. This highér“resist?

~ ance may be attained,easily with the hand-wound gage.

[

¥* The resista.nce of the strain wire. changes during assembly becalse of tension produced by the wind—
ing process ~

3¢ This cemént consists of 25 grams of” granulated celluloid No. 2346 dissolved on one pound of ethyl.
acetate.

+ For maiimim stability of operation, gage current should be approximately 2 millismperes: MHowever,,
only slight diffitulty hae beer experienced with current as great ss 20 milliamperes, and even 40
milliemperes. for short periods of timé where maximum output was required.
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Figure 7 - Pho graph Showing Arrangement of Test Apparatus
fo Calibration of ‘Pressure Gages -

Instruments under: test areé mounted inside the insulated cabinet which can be maintained at any desired

temperature between -60 and. +200 deorees fahrénheit, Pressure is genérated by means -of the hand pump

located: at thé. far left,. increased to 50;, 000 ipsi, if degi¥gd, with an intensifier, ‘and measured with a

dead-weight tester. The tesier is «equippedl _with a.means ‘of balancing out the initial weight ‘of the cradle.

80, ‘that' low <p1;essures )cs.n“be avcurately measured .
Electrical output of ‘the. pressure gages is iteagured with the Baldwin-Southwark Static Strain Indicator
,8ho¥n on the table., _— .

1 N A

INSTRUMENT CALIBRATION AND OPERATING :CHARACTERISTICS
The THMB. Elastic-Tube Pressureé Gages -are statically calibrated at

room temperatures with pressures applied by a hand pump and measured with a

dead-welght tester~which has 4 précision of 0.1 per éent. for pressures of
15000 pounds per square inch or greater. The- electrical output is measured
Awith a Baldwin-Southwark SRru Strain Indicator® in strain units approxitated
to the closest 5 microinches per inch A séhematic diagram of the test setup
" 48 shown in Eigure 7, and a sample callbration chart is given in Eigure'8.

* During caiibratien, the. éage—faﬂtor control on the Baldwin-Southwark Strain Indicator is set on 2.C0.
This corresponds to the value for which calibration resistors are designed in the auxiliary equipment
described on page 22,
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Each elastic-tube gage is-loaded to the rated capacity before the
B “sirain wires-arc-applied. MAfter the assembly is completéd, pressure 1s again

y——v— .-

(' ) appliedrin:convenient Increments, and observations are plotted concurrentiy for -
© use in.controlling tne,testZas it progresses. This loading 1s arrested when 3 .}
. the instrument output indicates a .straim of 2500 microinches per inth. Ab X
this point; appreciablé -deviation from a linear pressure~-straln relaticnship b

inereasing/and décreasing pressure, here; however, the peak pressure is limit-
ed to that productive of an output of approximately 2000 strain units. i
For an’ instrument to be considered satisfactory, the relationship of e

- . abpplied dressure to the measured eiestrical output -must be linear, with devia~- ;
e m l_
|

l

| |
» may be detected. Loading is then repeated wfith observations recorded both with SRR

: |

|

i

tions -of - Tess- than. 15 microinches per inch at a1l’ pressures. ‘Préssure gages
- with greater deviations are rejeéted and fitted with new plckups. The sensi-
tivity factor of- each instrument is determined from the straight 1ine that best ' :
fits the plotted strain observations and is expressed .in microinches per inch '
per “unit .of pressure. Siignt variations in the sensitivity are to be found in
differenf pressure gages, of apparently identical dimensions, but this condition

was not considered obJectionable.

“fahrenheit fluetuations 1h outpiit readings of more than 50 microinches per
‘inch>from the reading,at room ‘temperature ‘apé. considered cause for reJection
-Fot most satisfactory instrament Gperation; the resistange betwéen
the “strain gages and the metal tube should—exceedszoo megohms., - Electrostatic
pickup 1s generally minimized by grounding the instrumént and auxiliary equip-
" ment at ‘one comiion point, and by using’shielded electrical cable with ‘the N £
~shieid grounded only at’ the recording end of the circuit ' '
AUXILIARY HEAT RADIATORS :
o ' The -design speoifications reqdire that *he instrument be useable
g - with temperatures -of the pressure medium as high as 300 degrees fahrenheit
(:) "This is fap higher than the maximun temperature at whieh satisfactory perférm-
' aheeé ¢an be expected bécause, at temperaturés as low as 150 degreés; the cement )
which bonds tne*strain.gage to the tube softens &and loses thé adhesive proper- H
ties required for proper operation of the strain-wire component.
‘ TO'nermit-uSe of the pressure gage at high temperatures, an auxiliary
radiator'has been devised which réduces temperatures of the pressure medium as-

Y
o,

o 'wf T i mgy dgverming thé extent; of waridtion in sensitivity with different 5
M : i ambient of fluld témperatures, instruments are alsofcalibrated at 20 and 120 ) -
[ J : :
{ﬁ\ { degrees fahrenheit ‘the permissible variation in sensitivity 1s limited to 2. 5

rtﬁ\ 4 .per cent. Creep :and zero shift are carefully determined at apnroximately 10+ é
ﬁ K‘ % - - degres intervals,during temperature tests over the range of 0" to 140 degrees
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£ R T SRR ii é g ~"Convecvion nauiator for US® with Elastic-Tuve
L ' : Pressure Gage -

S o ’ . The pressure gages ‘are usable only if" the temperature of the fluid being studied ig less P

L ; . than, 140 degrees fehrenheit, For liquids :at, temperatures up to 300 -dégrées. fahresheit, this )
n ' . radiator can be used to rediice thé temperaturé at the instrument to a satisfactory value.
1= ,% ’ ,The radiator should be mounted horizontally for most efficient heat transfer

8 B . - - . .~ 5 =
1 o g i . e ERa o0 - & b . o R . ) %
[ i ‘ . - 2 . B -

high as 300 deégrees to ﬂ:o degrees at the instrumént itself. The radiator N

shown in Figures: 9 and 10 is of a convection type to obviate the use of a ' ,&~’
’liquid cooldnt. It consigts simply of a Short iength of pipe which is equip- S
. ped., with‘aluminum fins Shrunk. into place. In use, the pressure gage is con- f ﬁ
f'nected to. the radiator, and the radiator is atteched to the pregsure source. b h
‘Care must be taken to. mount the radiator in a horizontal position to take full ' - K
advantage of heat transfer by convection, Wire screens can: be providec at the }
mouth of the radiator to reduce the circulation of the pressure ltquid due ‘to
. dnternal cenvection It should 'be noted that. the radiator has sufficient
?rigidity 80 that. it expands only slightly when under pressure and thus does
not distort pressure pulses transmitted to the ins trumént itself Where this
" Instrumeént is. o e used to measure the pressures in hot gases, the radiator
and pressure gage must be inclined downwvard and filled with a pressure-trans-
5.'Wmitt:l.ng liquid having a high béiling point

'.“AUXILIARY ELMCTnleﬁL AND RECORDING EQUIPMENT .
Many varieties of electrical eleé¢tronie, and recording equipment
can be used. with the elastic-tube pressure gage to ‘megsure the electrical out-
put.. For the. measurement of static pressures, the transducer can be. used with
'the conmercial SR-# Strain Indicator employed during calibration. Tnis arrange-
'ment,is Shown. in Figures 11 and 12. The sensitivity is suificient so that a
single. instrument can be used for measuring pressures as low as 200 pounds per
square,inch, and as high as 5000 pounds per square ineh, with a diserdimination
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TMB 21097 :

Figure 10 - Original Deslign of TMB Elastic-Tube Pressure Gage with
Auxiliary Heat Radiator and with Strain Indicator Employed for
Calibration ‘and Measurement of Static Presshres

of 2.5 microinches per inch representing approximately 2 Bounds per square 7
ineh, and an: error of 10 microinches per inch or 20 R 81 at any given pressure.

'\ Zero shift Should be: negligible except for small shifts due to uncompensated

temperature effects, and a correction taken from the calibration chart may_be

‘applied to reduce this type of error to a minimum If a particular pressure

gage is employed with the same strain indicator that was used during calibra-
tion, errors in measurément will be held to & minimum; the characteristics of
commercial strain indicators oecasionally vary a8 much as 4 per cent with low
strains, so that the use of an indicator different from the one used for cali-
bration may introduce an error as: great as 4 per cent. ,

This. same arrangement of instruments can be employed to measure slew-
1y fluctuating pressures provided the peak pressures can be followed by manually
maintdining the strain indicator in constant balance.

For high-frequency variations in pressure, which may be either alter-

natling, pulsating, or transient, several different arrangements of auxiliary
-3
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| ) © ~ “for Use with TMB Elastic-Tubé. Pressure ‘Gage : .

I . ‘i’he ins‘balhtion is eelocted according to the freguendy of variation in préssurs baing meaeured.
' - Hot ahawn ‘in this diagram are. three other a.rrangenaats of: suxiliary equipment. The preasure gage
nay be used with a THB Type AA Btrain indicator with a Bruah-type ink recording ogecillograph for fre-
q‘uencm of 0 to:40 CP3; with a TI!B Type 54 strain ‘indicator with string cs¢illograph for frequsnaiea
of. ‘0 t0.-800. CPS;‘ .and with-a DG ‘bridge and HOL-type 6 trace cathwde ray recorder for frequencies of 0

to !)00 CPS.
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*mmﬂquipment ‘have been found useful

cap&city batteril.es ‘when it is. pema.nently _nstelled. o g

-~

> & e

Thege are listed and shown,schemaﬁica y

An. FigureS‘11 uhrough 15.for the entire usable frequency spectrum of the

transducer.

the output: of the-

bridge and thence

) o - e e w93 - — —— B

- b . .

For freqnencies=of pressure variation less than 60 cvcles per second,

presgure gage may be fed, directly in%o a d-c Wheatstone
to a conventional string psci;lograph,that contains sensitive

- et st S s e s o it e s b e 8w

[ fs . S b
g o _Figure 12 Test Equipment, Required to Measure Static Pressures 5

3, N i .

. i B S ‘The: compactnese and portability of equipment. have. proved» advantageous; for £ield testing. U :

1 N g The. length. of ca’ble betweenr pressure-.gage .and. indir‘ator ray Ye as great as 300’ .’c‘eet2 .

- E ) although 'some. inchéage in least .comt-of ‘measuréient océurs with the- greater Yengths. &

i ,’% S "The strain ‘indicator .contdins batteries for portabil ity, but should b used with larger ’ 8
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Pigure 13==;Tsst.£qui;menh(1sef _for Measurement of Pressure Variations
- . up %o 60. Cycles ‘Per ‘Second '

The élbstio-tube presaure gage . shom is 8 Type H gegoy The d-c Wheatstone bridge. init is a THB Type
BR-1A ‘and dontaing three. cha.nnels, each with balancing and.-calibratioh. controls. Bridge current may
bé boopted for short:intervals. when extraordinarily high gain is: desired.

‘The-fecording unit ig:=s censolidated 14—chmmel strirw oscillograph equipped with galvanometers giving

s s

1=-inch gignal per 30 mioroﬁ?e’ies of" driving c\'irr"ent. 2 e
gaivenemeter-eiements. Where'frequénciés'up=to’500 ecycles pep second are in-
volvéd, galvanometers which possess higher natural frequency but less sensl-
tivity must be smpieyed, and thiese in turn necedsitate greater dpiving current.,
A d=¢ amplifier must then be employ: ed to increase the output of the ridge.
This equipment.. which has a linear res pgnsg¢tg sivn.l of frequencies as great
as 5000 cycles per second, nevertheless has’ bjecfionabiy low gain and certain
instabilities inherent in d-¢ emplifiers.

" ; For'internediate frequencies, -an alternate type of amplifying system
has beén designed and 18 identified as the TMB Type 14 Strain Indicator. It
utilizes a 2200-cyc1e dynamic bridge and amplifier with siuch extreme sensitivity
'that -when ohly: one instrument is used, pressures as. 1ow as 200 pounds per
*5000 pounds per sqaare inch. The stability of the system is exeellent exper-
ience has indicated that after the eguipmént reaches a uniform temperature and
with the system at cohstant pressure, a balance can be maintained indefinitely.

For the measurement of pressures at frequencies higher than 500
cycles, wher- oesolution of the signal is required for both the low- and high-
fraequency components, the d~c amplifier with dual recording by a cathode-ray
-o8eillograph and a string osciliograph, or an anplifying and recording unit
similar to the NOL-type 6 trace cathode ray recorder may be éemployed,
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Figure 14 - High-Gain Test Equipment for Measuring a Wide Range of Pressures
l with a Single Pressure Gage ~ : "

The pressure ga.ge ‘is shown with a. 'I.'MB Type 1 =A Strain_;pdigator which incornorated .guch high-gain. :

a.mp]ification that peak pressures .fromw 500 ‘to- 20,000 pounds per square inch: are méasuireablé with 1 g

the 'same ‘tést instrunents. It isf useful for irequencies of" pressure variation up. to: 180 cyclés per . ¥

sedond with string oscillograph recording. The galvanometér should have a résistinceé of 12 olms

and responses -of 1 .’mch per 4, miis. of . driviug cwrrent, with a natural frequency greater than 1200 \CPS. - -

:Whenﬂthe transducer.is-used‘With anj‘auxiliaﬁy'glectricéI‘eQuipment )
other than-the static-strain indicator, soﬁe means. 1s. required for calibra*ing ) o
" the entire meésuring system. One meéthod is to calculdte the electrical cutput ! i
per unit pressure/input from i“”ormation regarding gain of tne,amplifiers and o
sepsitivity of ‘the _transducer and the galvanometers however, this procedure
is lengthy and requires many ‘subsidiary tests of auxiliary equipment .. Another S
_ method of calibration is to impress on the test instrument - known pressure
e _ during which the electrical response of the system is measured , Inasmuch as
tne characteristics of the amplifiers are not strictIJ eonstant,vnowever, the
desired acctracy of measurement could be obtained only if this. ¢alibration | ,
were performed immediately prior to a test and for field testing, such a pro- i
'( ﬁ , cedure is obJectionabie. ' ‘ ,
: i A ‘more satisfactory scheme however, has been 1ncorporated in all i
types of electrical equipment developed at the Taylor Model Basin’ for use with
the Elastic-Tube Pressure Gage. It consists of introdncing a small known re-
sistance in serles with the active strain element of the transducer so as to
«unoalance the auxiliary bridge cirecuit by a known amount. If the value of the
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; , ' Figure 15 - Tee vKuipment Used to Measure High-Frequency Variations
. in Pressure
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The 'prédsure gege is connected to. a d=¢ Wheatstone bridge, the electrical output of ‘which. is8

. - incéressed with.a idirect—coupled aiplifier. The equipient shown cotitaing three identical channelsy ’ - |
* ) ‘it.-has a ugeful response up to 5000 cycles. per second. Thie output, -of the system may be cornected ‘
’ to. & conventional oathode-—ray oscillograph‘ and the record photographed‘ For frequéncies up. to
. ‘500 ccles per second~ -& . string osci*llcgv_ph hould be- used both systems oi ‘Tecording may be. |
. employed simultaneously to, discriminate both low— aad" high—frequenoy components. !

¢

Il : &

resistance is accurately known, and if the sensitivity factors of the pressure
) , gage and resistance of the strain elements ire determined, the outpu‘ step

i . pulse produced by switching the series reslistor into the circuit represents a.,
! specific pressure and $ervés as an artifieialrcalibratione ’ _ -
I 29 _ ‘ The:change in resistance required is, of course §mali‘ and to a&dra o
O I : difficulties with switch contacts a Z-ohm pre i slon resistor is permanently
L ' : - connected in series wit h fthe strain gag e in o bridge grms and 1s shunted S
' . with a second, larger resistor when the change i resistence is desired. - ‘ j
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RESULTS OF FIELD TESTS
Elastic-tube pressure gages have been used in both field and labor-
atory tests for a period of approximately three years. uring this time, in-

¢
&i' struments were unavoidavly exposed to saturated atmospheres, to 61l ba*hs to

rough. handling, and to shock accompanying gunfire, and with thé exception of
the minor difficulties mentioned earlier, that were corrected by changés In
mechanical deslgn, the instrument characterisfiﬂs were in no way adversely af-
.fected and the. : espouse has ueeu _ree of spurious pressure indications. Sorie
instruments recalibrated after one. year of use indicated shifts in Sengitivity
of less than ¢ne per cent. Zero shift was never found to be excessive, and,
in fact, the highest degree of stability has always been realized. It is
nevertheless gesd. practice to recalibrate the instruments every six months.

strain gages. % . g
Instruments have been installed by unskilled workmen without aiffi-
culty and ‘have been used by both trained and untrained teconicians in this and
othér naval establishment Successful appiications ihclude the measurement
of hydraulic préssures in training and. elevating buffers on tirfets, recoil
.- and: counteérpecoil cylinders -of guns,, in hydraulic piping, hydraulic motoru, and

'~;i: C vaniablgssnped transmissions in "‘1ssburv hydraulic-type thrust bearings and
of' gas pressures- in exhaust systems in gun barrels and in -explosion chambers,

Recording of’ pressures at distances as great as 250 xeet from the
instrument has been accomplished with ease.
The fea*ure of bleeding the gage has. been found invaluable, because

ships and in the magnitude of reeorded pressures. )

: Tests have been conducted to compare this. gage with other types, iIn
_particular a. plezoelectric crystal gage. and a mechanical engine indicator.
Records were ‘taken simultaneously, as shHown in Flgures 16 and 1,, during the
stroke of a hydraulic buffer The pressure pulse *ndicated frequencies as
high as 703 cyeles per second. Agreement of the crystal and elastic-tube gage
' peadd ngq is very close both in magnitude and in time-history, tne mechanical
indicator overshot sllghtly ang had a. distorued response.

The natural frequencies of the Types E, F ang. H gages nave been
,measured and were found to be 1200, 1800 and 1500 cycles per second respec-
tively, ‘when: resonatingﬂas air-filled organ. pipes. When filled with liquids,
these frequencies will ﬁe.raised appreciably rrequencies ‘when vibrating as

* Instruments overloauad by more than 20 per cent are generally impaired so that new strain elements
will not improve performence; see zootnote, page 31.

B PO 08 S rm e e o=

_ Nonwlinear calibration or low resistance to ground require appiication of new =~

ing even small bubbles produce gross distortions in the pressure time relation-_
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a bell weré found to be 5100, 4000, and 5700 cycles per secéond respectively.
Excitation could be produced only by external blows, and natural frequencies
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quency'have«been met.

‘CONCLUSIONS

_ " The ™B Elastic-Tube Pressure Gage has been found to possess all the
. des¢red operating characteristicés. It has proved accurate and durable, and,

as a laboratory instrument, compares moré than favorably with other types now

on the market. 1Its use in the field of control instruments has-not been éx~-
plored, but the instrument appears suitable for such applications.
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APPENDIX T
DESiGN“FAQTOB§ WHICH INFLUENCE GAGE CHARACTERI TICS gw%

e LT B miaainmia

Seve;ai uLLcL bummcuus are given here which(pertadn to the<ini1denceA<7

oh pressure-gage characteristlcs of various design parameters. These relation-

ships were determined mostly from experiméntal observations and may be consid-
ered as applying in the broad sense to the design of any similar type of )
measuring device which employs electrical elements of strain-Sensitive wire.

SENSITIVITY ‘ :
~ ‘The sensitivity of the elastic<tube préssure gage sarlier deéfined
as ‘the circumferential strain per unit pressure is a function of the thickness,
diameter, and end restraint of the tube, ‘of the modulus of elasticity of the

matérial of construction, and of the position, resisuanoe, type, and arrange-
ment of the strain-wire élements; these parameters are discussed in the fol-"

léwing. 4

The geometry of thé méchanical components ihevitably involves the
dilemma that the characteristics of high natural frequency and high~§ensitivity
car\ not be ohfe_innr’l e"mn"fahnhne'hr If' thn nn‘hrne_l f'rvnn u:nny of the ge_’r‘rn is

t he cobtalned simultaneousl; regque

at least twice that of the dynamichhenomena being studied, no attenuation

of’ response should occur; this design criterion must always be considered first
The natural frequencies of vibration of the pressure gage which

may be excited by sharp pressure pulses or external stimuli, may be divided
4'into two groups - those which accompany organ-pipe reverberation within the

tube .and those which accompany elastic deformation -of the tube vibrating as

a bell, With the dcoustical reverberations, natural fredquericy may be calcu-
lated according to ‘elementary physical laws which lindicate that the frequency
depends largely on, the Jlength of the tubé and the density of the fluid. Ex-
perimentally determined frequencie?<are givenhon Pages 27 and 29. The elastic
action may consist of either longitudinal deformation or circumferential breath-
ing of the tube, and frequéncies of vibration in both modes are much higher
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than those of an air—filled organ-pipe. Elastic action as a cantilever is a Q
low-frequenCJ phenomena but the instrument 'shows no response. to this type of f
elastic behavior. - : 4 , ‘QSE g
) The circumferential strain e developed in the tube is related to the -
dianeter d and the thickness t by the expression &
e=¢ (—%) -k .
i
H
st om0 - — ~-—-—-:—:;—‘"qu“1:
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| where p isfapplied,pressure and %k Is a constant. Thus maximim instrument ‘
o sensitivity may be obtained after considerations: of natiral frequency through E
' i . the use ox large « diameters and small thicknesses. Ultimately, the difficulties_ ;
i ; () in manufacture and 14ability o damage and corrosion place a lower limit'on ;
. 7 thickness, ‘whereas conVGnisuce in gage handling and installationrplace ar. uppel
P & “1limit on -aidmeter . . - i - - '
: ) o ensure 1lnearity 0f response, the maaimum value of the principal 1H
‘ ‘ r -stress~should be limited to-a va lue,below-thenpropontional,limit, _Pere, the . t/ :;
, ) proportional limit Is the maximim stress at which the load-strain relationships , g
are linear. The electrical output of‘tne~pressqre?gage inwstrain-units, e, K
, varies directly with the pressure;induced-principal=stress, and inversely with !;ﬁ
{ : the fiodulus of élasticity E. ‘Tnus'tOwobtainwmaximum senSitivity,-wﬁileznege i :]
r L lecting momentarily other design factors, the material which comprises the’ I
- ) tube should have its ratio of proportional Iimit to modulus of elasticity ‘as : }lﬁ
~ great as oossible This ratio for various possible gage materials is given= i , T
T ‘the, following st - 0 : ]
. T . T . . i
Steel . .Bronze . =~ 10,0013 i
Medium - 0.0012 | Cu = 90. @er cent - : : . i
8T8 = 0., 0022' Sn - 10 per cent - S . ey
. “Tool = 0, 0053 L o o . ’ NI
) : muCite : - 0007 -
y Aluminum . "
' §TST N 0 9035' ' ’ Cellulose Acetate = 0. 907
’ 55T 1 = 040073 gold . 0.001%
i Brass ;- 00012 . ou - 63 per*cent
© O e 70 per cent " Ag - 2.1 per cent {
Zn - 30, per cent ' :
'~ -

‘ . Inasmuch ag the pressure-produced strain output is an Inyerse function of ‘the

rs;» ,fmodulus materials‘with low moduli are thus to be. favored in these instruments,

i(% . these materiabs, such a8 lucite and aluminum, unfortunately also havé undesir-
able properties of greep, hysteresis, and low endurance limits. Whereas alumi-

. .num. has been tested in some experimental instruments because it low modulus

. , furnished one .means: of obtaining the desired sensitivity, alloy steels of high-

*_ (N ‘ er moduli demonstrate the better characteristics ‘of linearity and stability

' ‘The. 1deal material of construction is yet to- be found.*

T
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# It 18 to be noted thit to achieve maximum sensitivity, the strains developed at rated pressure are
close to the proportional limit of the matériel. The absence of a large factor of safety thus requires
care in the choice of instrument for a particular application so @s {o evoid possible overloading.
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) The. factor of éend restraint of the tube 18 present when the tube is
so short that.it is limited in its elastic distortion: by ends which are com- ’
[ ! paratively—rigid‘ 'Such aétfcn probably -occurs to some slight extent in- these 2 V

insumumen s; -but. the. qhnvf 1ength,reouired for‘high natural frequency is more

e

o
13

divi

of the tube 80.that circumferential strains developed there by internal pres- v
© sure should be a maximum; consequently, the strain elements are mounted at
i that. point Because. of ‘the: sharp variation in stress along thé tube hand-
- - -wound gages that ‘have the stpadn wire concentrated,in a 3mall ‘area are pro=
i : ductive . of greater electrical output than the lavger ¢omiiercial gages.
i d . The electrical output of the. instrument, when used in a bridge -¢ir-
cuit may be increased with. the usé of higher-voltage power -supplies. However,
ey : because of limitations on current flowing through the strain gages, the resist-
" -" ance~0f the gages. should be greaterw Sensitivity, in effect 48 4 direct
funétisn of the resistance ' ?
) Increase .in electrical output could also ‘be obtained through the usé
of two active Lages. electricallv connected in a bridge circuit ‘so that the
strains would be numerically additive. Lack of space on, the ‘tube has thus far
_ prohibited this. arrangement but it has several. features t6 recommend its use _
< in the fiture. L T R ST "
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-important. Effects of end restraint are a minimum at the 1ongitudina1 center ’ ' i,
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Tt has bgen found bhal-dogardless of the
~ strainp eleménts; the output of a singl train gage is 1imited t6 2500 micro-
inches per inch, since higher strains Haye been accompanied by zero shift,
. ~peeép, and hysteresis of magnitudes greater than desired ina précision’ measurw
g\l . ing Instrument. The -cause -of- this 1imitation on sensitivity ‘has not been fully
' determined»and is subﬂect to fur Sher study
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! The characteristics of linearity and stability have been observed to .
‘ depend on. the type of material employeu\in the elastic tube and. . on. its. history
: of loading; these operating characteristics further depend ‘upon the magnitude
of elastic deformations under 1oad, o1 ‘the: type of strain gages cmpioyed, and - i
on the skill exerted 1n their application‘ e : '
If materials known 1o have a linear stress-strain relationship are v :zli

'\g 1oading be restricted to the rangesin which a 1inear response is observed.‘ As I?:)
' mentioned earlier, this conditionxlimits the. magnitude of elastic deformations i
. arid is determined experimentally With some severely overloaded §pecimens, . S ¢
% however, linearity of resgponse can never be achieved, whereas with most sl 1ght - L

1' ; controlled pre-lcading improves performance . - : R
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With the characteristics of stdbility and linearity of response, as
with sensitivity, hand-wound strain gages are preferred to the commerciai ohes.
Hawever, skill in gage application is particularly important to obtain accept-
able Fesults. the. the strain gage and surface
be bubble=free, and that the gage not be damaged, even superficially,. during
iristailiation:
Ansufficient to determine if the strain gages aré properly installed.
sionally a;pooﬁ gage may be detected if its zerq-sfress resistance varies by
more than the tolerance specified by the manufacturer, but only the calibration
Itself can be relied upon to detect unsatisfactory operation of the gages.

bond between

1
e coil

It . I§ necessary that:
Generally, the routine checks of gage dnd ground resistance are
Occeca-~

TEMPERATURW COMPENSATION
’ The efficacy of temperature compensation would appear assured if the
pairs of strain gages-are mounted sufficiently close together to be subject to
identical temperature variations. It has been observed, however' that other
“-“~“»"~racuupsrmaw_interfere -with this condition. It has been determined that the
-coefficient of expansion in a material somethes deﬁen&s on the direction of ™
- rolling, and that the coefficients may differ- throughout the specimen. Also,
in a complex instrument that involves sharp variations in cross section,
temperat@peepggdgped dimensional changes. are not uniform, nor is the tempera-
- ture distributionm itsélf Uniform. Consequently, proper choice of ths location
of_ .gages for. effective temperature compensation is important in the design, _
and thé determination of such locations is purely an empirical procédure.
any case, the mechanical €lements on. which the active and the compensating
gages are mounted .should be. identical in size and shape.
o It is well known that the gage factors of commercial strain gages
may vary plus op minus. two per cent of an average value specified by the manu--
facyurer_ Sthis vardiation results in different sensitivities in pressure gages
“that are otherwise identical; it has no effect, however, on linearity or
stébility Nevertheless, thesSe ¥variations in gage factor are important in
“obtaining fulkl. »cmyerabure compensation, for a maximum variaticn in the two
| strgin gages may,result in such poor compensation as to warrant rejection.
_Again~the-phoiee of strain gages is entirely a matter of trial and error.

In

The
- only pessible precaution lies in selecting pairs of gagés from the same pack-
agé.in hopes that they may be identical in gage factor. These difficulties are
-not often experienced with the hand~wound elements.
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APPENDIX 2

§ DESIGNATIONS FOR ELASTIC-TUBE PRESSURE GAGES f?g

. AYl TMB: Elastic-Tube Pressure :Gages are deSighated by a sérisl !
i i number whose parts have the following significance,
| - . B

given-in Table 7.

i
{

'j _ TABLE 1
&
¥

Dimensions and‘pesignations of Elastic-Tube Pregsure Gages

T i First letter - Type of constriction and capacity of instrument as : é/
A - ;
i
|
|

S - S T ) 1
{ - i
e = ¢ . -Test " Méé : - Dimenslons of Tube, inches -
. Type | Pressure Mechanical — L L R :

1
|
i
1
|
|
|
]

D 8000 | ‘Original . 0.4578 ' 0.438
E 5000 | Original | 0.466 | 0.438
F {20,000 | Original 0466 ' 0.345 ,
g: ' 1060 4 Original . ﬁ_,,O—fﬂl’?——f S A e L7 S ,: S e -

AL A e

‘
— et

R I S R [

et memee T

@

|

H;“ - 25,000 | Revised o466 . . | 0-345
J ] 5000 | Revised | | 0.466 - [ = 0.438

»
I i
1]
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Second 1etﬁer* - Resistance aﬁd type of strain gage. Thé~letters
have the following significance: - :

v
JEP. A

e : - 5 - Ly Lo o [P TP e~

. Letter g - Meaning

None ' Type A-7, 120-ohm metalectric gage l - o ; ’ L
Y Type “A-1%, 500-chm metalectric gage ' ' ‘
B 1 ~ 120-ohm gage, hand wound with 1.5-mil wire
c  500-ohm gage, hand wound with 1.5-mil wire

———r
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b
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g g K K
¥ An taffixh "Xt after the first two letters of an instrument designation indicstes that the shield of - ¥
original design has had. the Iunpht_anol type plug replacod by a Cennon typé plug. ’
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A

Number - Serial number of the particular type of instrument.,

Last letter - Number of" different strain gages that have. been instdlled
" successively on that particular mechanical cofiponent of
the instrument.

Letter | Meaning
. | Second installation
B S "Third Installation

Thus the gage .1labeled ECX3B 1s a Type E gage of original design
witn a capacity of 5000 pounds per square inch. It Is hand-wound with 500-
ohm strain gages and is provided with a Cannon type plug I i the ﬁhird
of the EC group of instiuments and has been successively equipped w*th three
ideéntical _gggin_cggeq
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APPENDIX 3

METHOD OF APPLYiNG'NEOPRENE,WAQERPROOEING
‘T STRAIN GAGES
It is neeeBSafy to §horoughly'waﬁeiproof gtrain,gages'aftér trieir
installation, inasmuch as the cement for mounting :gages 1s hygrodscopic. The
absorption of moisture by the cement dces not appreéiably'affecf the sensi-
tivity, but it destroys. the stabilitv of the gage and reduces its service life
Compounds. such as’ beeswax or ceresin wax Were first employed for
watexrproofing, but their brittleness at low temperatures was found to be ob-
Bitumastics such as Ozite B-have been superior in that pespect,
but are dissolved by hydraulic fluids and oils to which strain .gages ma& be
exposed. Neoprene has since been found to be the most effecetive waterproofing
compoungd., and compréhensive tests with it have shown that. it has no deleter-
ious effect on the accuracy of strain. measurement. The process for aoplv ng
neoprene, which is commercially available from Gates Engineering Company, New
Castle, Delaware, is given in the following :

1. Apply one coat of primer, with a bru sh or a spray gun, angd allow 1t
to dry oné-half hour.

A .
g

o —

.f;;.:i..:«-—-““‘;':"' -
N e I

s o AR g

gt L

i Anihmra g o el e s o= 4 4

W
.t.
‘!IS

a‘i’;i?"




x ety — e ]
s
| X \ _ e erialed SETNAST A — P L
T A e SR = e X - e s g [P T T e

e g A
. *!F -f " g,
:

36

: 2., Mix the accelerating fluid and brushing cement in the proportions
of one to four and apply a coating that will be approximately 1/64 inch thick.
3, Add as many-additional coats as are required to build up the desired
thiclmess of waterproofing; and allow one hour drying time'betwéeh'applicafioﬁ/
of each coat. . o - ‘ : I
4, Air-dry thefcompleted«coating,fcr'zu,hpqpsw ,
. 5. Cure the coating at 140 degrees fahrebheit for a period of 12 to 18
hours. If this“tempergture is exceéaed,“théfstrain~gages may be permaneﬁt;y

damaged, and the paper charred.
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